Introduction
Although d-a-aminoa cids do not exist in the nature as widely as their l-counterparts, naturallyo ccurring d-a-amino acids play an important role in defence mechanisms( cell wall, venoms)o fm any microorganisms and plants. [1] d-a-Amino acids have also been detected in av ariety of peptides synthesized by animal cells [2] and in human tissue, appearing as indicators of aging. [3] Severale nzymes producing or metabolizing d-amino acids have been discovered. [4] d-2-Aminobutyric acid, which is an unnatural amino acid, has been widely used in the synthesis of antibiotics, [5] angiotensin-converting enzyme 2i nhibitors, [6] brain-permeable polo-like kinase-2( Plk-2) inhibitors, [7] matrix metalloproteinase inhibitors, [8] and antiproliferatives. [9] Generally speaking, resolution of the racemate of aamino acids is currently the main method to obtaint he optically pure d-amino acids. For d-2-aminobutyric acid, aminoacylase, [1, 10] protease, [11] or the formation of diastereomeric derivatives [12] have been used to realize the separation of l/d-amino acids. w-Transaminases have been used for the synthesis of d-2-aminobutyric acid through the amino-transfer reaction, providing an alternative biocatalytic method. [13] d-2-Aminobutyric acid hasa lso been synthesized through asymmetric alkylation at low temperature, [14] or de-racemization of l/d-amino acids using l-amino acid oxidasef rom Proteus myxofaciens in combination with amine boranes. [15] Compared to the previously reported methods, reductive amination of 2-oxobutyric acidw ith ammonia by d-aminoa cid dehydrogenase provides an attractive synthetic method for d-2-aminobutyric acid, owing to the intrinsic atomic economy and low environmental impacto ft he reaction. Ta king into account that many l-amino acids are availablethroughfermentation from inexpensive and renewable natural sources, and lamino acido xidases catalyzet heir conversion to the 2-oxo acids, we envisaged that the two-step enzymatic reactions with l-aminoa cid oxidasea nd d-aminoacid dehydrogenase would offer economically effective and environmentally benign methods for the synthesis of d-aminoacidsf rom the corresponding l-aminoa cids. For d-2-aminobutyric acid, although l-2-aminobutyric acid is an unnatural amino acid and not readily availablea st he naturalc ounterparts, 2-oxobutyric acid can be easily obtained from l-threonine by using l-threoninea mmonia lyase (l-TAL, EC 4.3.1.19). The enzymeu sually shows high reactivity and threonine can be readily produced by fermentation. [16] Ta oe tal. reported the enzymatic synthesis of l-2-aminobutyric acid from threonine by using l-TAL combination with l-aminoa cid dehydrogenase (l-AADH) and formate dehydrogenase (FDH). [17] Therefore, similarm ultiple enzymatic reactions should provide an efficient approachf or the biosynthesis of d-amino acids by employing a d-aminoa cid dehydrogenase. Recently,i th as been reported that meso-2,6-diaminod-2-Aminobutyric acid is an unnatural amino acid serving as an important intermediate in pharmaceutical production.D eveloping as ynthetic method that uses cheaper starting materials and produces less by-product is ap ressing demand. At ri-enzymatic catalytic system, which is composed of l-threoninea mmonia lyase (l-TAL), d-amino acid dehydrogenase (d-AADH), and formate dehydrogenase (FDH),h as thus been developed for the synthesis of d-2-aminobutyric acid with higho ptical purity.Inthis cascade reaction, the readily available l-threonine serves as the starting material, carbond ioxide and water are the by-products. d-2-Aminobutyric acid was obtained with > 90 %y ield and > 99 %e nantioselective excess,e ven without addinge xternala mmonia, demonstratingt hat the ammonia from the first reactionc an serve as the amino donor for the reductive amination step. This multi-enzymatic system provides an attractive methodw ithh igh atomice conomy for the synthesis of d-a-amino acids from the corresponding l-a-amino acids, which are readily produced by fermentation.
pimelic acid dehydrogenase (DAPDH, EC 1.4.1.16) and its mutant enzymesc an catalyze the reductive amination of 2-keto acids to give d-a-amino acids.
[18] For example, meso-diaminopimelate dehydrogenase from Symbiobacterium thermophilum (StDAPDH) can transform 2-keto acids to the corresponding d-a-aminoa cid, and its excellent thermo-stability provides one-step heat-treatment purification.
[18c] The crystal structure of StDAPDHr evealed the structuralb asis of its unique catalytic properties, [19] and site saturation mutagenesis resultedi nm utant H227V with 35-folda ctivity enhancement over the wild-type enzyme for phenylp yruvic acid as the substrate. [20] With this unique d-aminoa cid dehydrogenase (d-AADH) in hand, we combined it with l-threonine ammonia lyase (l-TAL) and formate dehydrogenase( FDH) to establish at ri-enzymatic catalytic system for the synthesis of d-2-aminobutyric acid from l-threonine (Scheme 1).
Results and Discussion

Expression and Purification of l-TAL, d-AADH and FDH
The enzymes l-TAL (EcTAL) from Escherichia coli, d-AADH (MStDAPDH) from Symbiobacterium thermophilum,F DH (PFDH, CdFDH)f rom Pseudomonas sp. 101 and Candida boidinii have all previously been reported and produced in E. coli. [16, 18c, 21] Enzymes were purified by heat treatment or precipitated with ammonium sulfate, except CbFDH, which was purified by using ¾KTAp urifier.C bFDH lost > 90 %e nzyme activity when incubated at 50 8Cf or 1h,w hereas 90 %a ctivity of PFDH was retainedw hen heateda t5 7 8Cf or 1h.P FDH was more heat tolerant and could be purified by heat treatment.A ss uch, PFDH was used in the following studies.
pH Influence on the Enzyme Activity of the M-StDAPDH and PFDH
Ap revious study showed that the activity of EcTALw as high enough (specific activity > 200 Um À at pH 7.5) [16] for the transformation,s ow ec hose the enzyme as the biocatalyst for the ammonia lysis reactiono ft hreonine. Because of the relatively low specific activity of M-StDAPDH and PFDH, the pH profiles of their activity were studied. As shown in Figure 1A ,P FDH showedincreased activity with pH from 5.0 to 10.0, and the activity was also affected by the nature of the buffers. As imilar pH-dependentt rend was observed for glucosed ehydrogenases [22] and alcohold ehydrogenases [23] for the oxidationr eaction. For M-StDAPDH, the enzymea ctivity was affected by the buffer and pH value ( Figure 1B) , and the activity was higheri n basic buffer.I np hosphate buffer,M -StDAPDH showed the lowest enzymatic activity;w hereas, in the Na 2 CO 3 -NaHCO 3 buffer( pH 9.0), the specifica ctivity of M-StDAPDHw as 0.55 Umg À and K m and k cat for 2-oxobutyric acid were 12.3 AE 0.4 mm and 1.6 AE 0.2 s
À1
,respectively.
Influence of the Reaction Components on the Enzyme Activity
The influenceso ft he reaction components on the enzymea ctivity were studied, and the resultsa re presented in Figure 2 and Figure 3 . For EcTAL, the conversiono fl-threonine was determinedw hen differentc ompounds were added into Na 2 CO 3 -NaHCO 3 (100 mm,p H9.0) buffer at 30 8C. When 120 mm 2-oxobutyric acid, d-2-aminobutyric acid, or 240 mm ammonium formate was added, the conversion of l-threoninew as not affected ( Figure 2A ). The existence of l-threonine, 2-oxobutyric acid, and ammonium chloride in the reactionm ixture showed little influence on the enzymeactivity of PFDH, except at 480 mm of d-2-aminobutyric acid ( Figure 2B ).
For M-StDAPDH, it was found that the enzymatic activity was affectedb ya ddition of d-2-aminobutyric acid or l-threonine ( Figure 3A ,3B). In particular, the activity of M-StDAPDH was reduced to nearly 50 %w hen only 10 mml -threonine was added ( Figure 3B ). However,i ti si nteresting that the reductive amination of 2-oxobutyric acid proceeded smoothly and was completed in 12 hw ith 200 mml -threonine ( Figure 3C ), although l-threonine greatly affected the specific activity of the enzyme, as measuredb yu sing spectrometric methods. Moni- toring of the conversion rate of 2-oxobutyric acid showed that, even when 200 mml -threonine was added to the reaction mixture,t he yield of d-2-aminobutyric acid did not show much difference to that of the control reactionw ithouta ddition of lthreonine ( Figure 3C ).
Influence of the Biocatalyst Type on the Yielda nd ee Value
In previous studies, cell lysates could be used as the catalyst for the synthesiso fl-2-aminobutyrica cid. [17] However,f or the d-configured counterpart, the use of whole cells or cell lysates might reduce the ee value of the product, owing to the endogenous l-amino acid dehydrogenases, amino acid racemases, or amino transferase. [24] As such, the different forms of the biocatalyst were employed to examine their effect on the optical purity of the product.
The reductivea mination of 2-oxobutyric acid was carried out with same activity units of whole cells, cell-free extract, or purified enzyme in Na 2 CO 3 -NaHCO 3 (100 mm,p H9.0) buffer. The yield and ee value of d-2-aminobutyric acid were measured, and the resultsa re summarized in Ta ble 1. When the cell-free extract or purified enzyme was used as the catalyst, the yield of the product was > 95 %, whereas the yield with whole cellsa st he catalyst was < 5%.T his may be attributed to the factt hat the cell membrane prevents transfer of the substrate into the cell for the enzymatic reaction. The ee value of the product for the reaction with cell-free extract was slightly lower than that with purified enzyme. The endogenous enzymei nt he cell-free extract may be responsible for the slightly reduced ee value of the product. 
Optimization of the Reaction Conditions
The purified enzymes EcTAL, M-STDAPDH,a nd PFDH were used as the catalysts for the reactions with different amounts of the enzymes and varied concentrations of substrates. The results are summarized in Figure 4 . It can be seen that at condition Iw ith 0.7U EcTAL, 1U M-StDAPDH, 2U PFDH, 100 mm l-threonine, and 150 mm ammonium formate in Na 2 CO 3 -NaHCO 3 buffer (pH 9.0), the yield of product was close to 90 % in 24 h. Enhancingt he amount of EcTAL (Figure 4 , Ia nd II) increasedt he reaction rate, as evidenced by the fact that the yield of d-2-aminobutyric acid was improved from 52 to 92 % at 8h when 2.0 UE cTAL was added insteado f0 .7 Ue nzyme. Further enhancing the amount of EcTAL to 3.0U did not increase the reactionr ate (data not shown). As expected, when more PFDH and M-StDAPDH were added, the reaction rate was significantly increased( II andI II). The yield of product reached9 0% at 6hwhen 2UM-StDAPDH and 4UPFDH were added (condition III), compared to about6 0% at condition II after 6h.U nder these conditions, when the concentration of lthreonine increased to 200 and 300 mm,t he reaction still proceeded successfully ( Figure 4I Va nd VI, 95 %y ield at 8h and 92 %y ield at 24 h, respectively). When no extra ammonia was added, the reactionw as completed with 200 mm of l-threonine (Figure 4, V) . However,w ithout the addition of extra ammonia,t he transformationa tt he l-threonine concentrationo f 300 mm was not completed within 24 h, and the yield of the product was less than 80 % ( Figure 4 , VII).
Preparation of d-2-Aminobutyric Acid
In order to test the applicability of this enzymatic system,t he reactionw as conducted in 50 mL reaction solution,w hich contained 200 mm of l-threonine, 300 mm of ammonium formate, or sodium formate.B ym onitoring the change in the concentrationso fs ubstrate and product, it wasf ound that the deamination of l-threonine was completed within 4h,a nd the quick consumption of l-threoniner educed the substrate inhibition effect during the second reaction. More importantly,a lthough the reaction rate of the second step was decreased with addition of sodium formate, the transformation was nearly complete in 20 h, and the yield of the product reached 90 %a fter ion-exchangep urification. Therefore, the ammonia,w hich is produced in the first reactionc atalyzed by EcTAL, can be used as the amino source in the reductive amination reaction. The multi-enzymatic transformation proceeded smoothly without addition of external ammonia, making it more atomically economic.
Conclusions
An ew effective enzymatic methodh as been developed for the synthesis of d-2-aminobutyric acid from commercially and readilya vailable l-threonine. In this multi-enzymatic approach, l-threonine ammonia lyase catalyzes the deamination of lthreonine to give 2-oxobutyrica cid, which is reductively aminated by d-amino acid dehydrogenase with formate dehydrogenasef or co-factor regeneration to produce d-2-aminobutyric acid. Particularly,t his biotransformation can proceed smoothly at an l-threonine concentration of 200 mm withoute xtra addition of ammonia,r endering it ah ighly atom-efficientr eaction. The chosen thermostablee nzymes are well suited for industrial applications, owing to their easy purification by heat-treatment and robustness, although their specific activity needs to be improvedf or highere fficiency.T he (co-)immobilization of these enzymes will also increaset he economic advantage of this trienzymatic catalytic system and these studies are under way.I n general,asimilar approachs hould be applicable for the preparation of aw ider ange of d-amino acids by combining as uitable l-amino acid oxidase with a d-aminoa cid dehydrogenase, and this will be further explored in our laboratory.
Experimental Section General
All chemicals were obtained from commercial sources and the cofactors (NADH and NAD + )w ere obtained from Roche. Materials used for culture media including peptone, yeast extract, and agar were purchased from Becton, Dickinson, and Company (BDX). The product yield and ee value were determined by HPLC analysis on an Eclipse plus C18 column (4.6 250 mm, Agilent, USA) after being derived with 1-fluoro-2-4-dinitrophenyl-5-l-alanine amide (FDAA).
Expression of the EcTAL, M-StDAPDH, and FDH
All of the selected enzymes have previously been reported. EcTAL gene (Gene ID:9 48287) was amplified from the genome of E. coli. [21] The EcTAL fragment was digested at the sites of BamHI and HindIII, and ligated into plasmid vector pRSFduet-1. and cloned into the NdeI/XhoIs ites of pET21a. The pET21d-CbFDH plasmid with FDH gene (Gene ID:7 4654561) from Candida boidinii was available in our laboratory.T he mutant (R35E/R36V/Y76V) of StDAPDH (Gene ID:2 979910) from Symbiobacterium thermophilum (M-StDAPDH) was preserved in our laboratory,a nd the cofactor specificity of M-StDAPDH has been changed from NADP(H) to NAD(H).
The plasmids pRSFduet-EcTAL, pET-32a(+ +)-M-StDAPDH, and pET21a-PFDH were transformed into E. coli BL21(DE3) cells. Recombinant E. coli BL21(DE3) was propagated in 1Lof Luria-Bertani medium containing 100 mgmL À1 ampicillin (50 mgmL À1 kanamycin for pRSFduet-EcTAL) at 37 8C. The culture was induced by addition of isopropyl b-d-1-thiogalactopyranoside (IPTG) with af inal concentration of 0.1 mm when the optical density (l = 600 nm) reached 0.6-0.8 and then incubated for an additional 16 ha t2 58C (pET21d-CbFDH at 20 8C) with 200 rpm. After centrifugation at 6000 g,48Cf or 20 min, the recombinant cells were washed with potassium phosphate buffer and cryopreserved at À20 8Cw ithout loss of activity over 2weeks.
Purification of the EcTAL, M-StDAPDH, and FDHs
The enzymes were purified by following the procedures described herein. For EcTAL, the recombinant cells were suspended in 100 mm potassium phosphate buffer (pH 7.0) and lysed by French press at an operating pressure of 12 000 psi. The cell debris was removed by centrifugation at 10 000 g for 30 min at 4 8C. The resulting cell-free extract was mixed with 0.025 %P EI solution. After centrifugation, the supernatant was precipitated with 40-60 %a mmonium sulfate. The resulting precipitate was collected after centrifugation and dissolved in potassium phosphate buffer (100 mm, pH 7.0).
For M-StDAPDH, PFDH, and CbFDH, The recombinant cells were suspended in 100 mm potassium phosphate buffer (pH 8.0) and lysed by French press at an operating pressure of 12 000 psi. The cell debris was removed by centrifugation at 10 000 g for 30 min at 4 8C. The resulting cell-free extract was mixed with 0.025 %P EI solution. After centrifugation, the supernatant of M-StADPDH was heat-treated at 70 8Cf or 80 min;t he supernatant of PFDH was heat-treated at 57 8Cf or 60 min. After centrifugation, the supernatant of M-StDAPDH and PFDH was concentrated by ultrafiltration (Amicon Ultra 30 kDa, Millipore) and stored in 5% glycerol at À80 8Cf or further use. For CbFDH, after centrifugation, the supernatant was precipitated with 55 %a mmonium sulfate and the supernatant was then loaded into a2 0mLP henyl Sepharose 6F ast Flow column (high sub) (GE Healthcare) on ¾KTAp urifier.T he target protein was washed with elution buffer (100 mm potassium phosphate buffer,p H8.0) and dialyzed against potassium phosphate buffer (100 mm,p H8.0). Then, the protein was concentrated by ultrafiltration (Amicon Ultra 30 kDa, Millipore) and stored in 5% glycerol at À80 8C.
ActivityAssay of the EcTAL, M-StDAPDH and FDH
The activity of EcTAL toward l-threonine was determined by measuring the decrease of threonine in the reaction mixture through HPLC analysis. Into 500 mLr eaction solution, which contained 100 mml -threonine and 10 mm pyridoxal phosphate, an appropriate amount of EcTAL was added. After ac ertain time, the remaining amount of l-threonine was measured. The specific activity was defined as the number of micromoles of l-threonine converted by 1mgo fenzyme in 1min (mmol min À1 mg À1 ).
The activity of M-StDAPDH toward the reductive amination of 2-oxobutyric acid and the activity of the FDH toward the oxidation of formate were determined by measuring the oxidation of NADH or reduction of NAD + at 340 nm (e = 6.22 mm À1 cm À1 ), respectively. The reductive amination activity was measured at room temperature in a9 6-well plate;e ach well contained 2-oxobutyric acid (20 mm), NH 4 Cl (60 mm), and NADH (0.40 mm)i nN a 2 CO 3 -NaHCO 3 (100 mm,pH9.0, 190 mL) solution. The reaction was initiated by addition of M-StDAPDH (10 mLs olution containing appropriate amount of enzyme).The kinetic parameters of M-StDAPDH towards 2-oxobutyric acid were determined with the final concentration of 2-oxobutic acid being between 1a nd 60 mm.The oxidative activity of FDH was measured at room temperature in a9 6-well plate, in which each well contained sodium formate (20 mm)a nd NAD + (0.50 mm)i nN a 2 CO 3 -NaHCO 3 (100 mm,p H9.0, 190 mL) solution. The reaction was initiated by the addition of the FDH (10 mLs olution containing appropriate amount of enzyme). The specific activity was defined as the number of micromoles of NAD + or NADH converted by 1mgofe nzyme in 1min (mmol min À1 mg À1 ).
The pH Influence on the Enzyme Activity
The influences of pH on the enzyme activities were measured at various pH by activity assay methods mentioned above. The buffers (100 mm)w ere NaOAc-HOAc (pH 5.0, 6.0), Na 2 HPO 4 -NaH 2 PO 4 (pH 6.0, 7.0, 8.0), Tris-HCl (pH 8.0, 9.0) and Na 2 CO 3 -NaHCO 3 (pH 9.0, 10.0).
The Influence of the Reaction Componentso nt he Enzyme Activity
For EcTAL, af inal concentration of 100 mm 2-oxobutyric acid, 100 mmd -2-aminobutyric acid, or 200 mm ammonium formate was added to the reaction mixture, which contained EcTDA (9 mg), l-threonine (100 mm), and pyridoxal phosphate (10 mm). The activity of EcTDA was determined through the assay method mentioned above. For PFDH, ad ifferent final concentration (60, 120, 240, and 480 mm)o fl-threonine, ammonium chloride, 2-oxobutyric acid, or d-2-aminobutyric acid was added into the reaction mixture, which contained PFDH (1 mg), sodium formate (20 mm), and NAD + (0.50 mm). The activity of PFDH was determined by the assay method mentioned above. For M-StDAPDH, ad ifferent final concentration (60, 120, 240, 480 mm)o fs odium formate, d-2-amino butyric acid, or l-threonine was added into the reaction mixture, which contained M-StDAPDH (1 mg), 2-oxobutyric acid (20 mm), NH 4 Cl (60 mm), and NADH (0.40 mm). The activity was determined by the assay procedure mentioned above. To further study the effect of l-threonine on the M-StDAPDH-catalyzed transformation, 100 mml -threonine was added into the reaction mixture (1 mL) containing 2U PFDH, 1U M-StDAPDH, 100 mm 2-oxobytyric acid, and 200 mm ammonium formate. The reaction was carried out at 30 8C, and the yield of d-2-amino butyric acid was measured by HPLC analysis after FDAA derivatization every 3h.T he retention times of d-a nd l-2-amino butyric acid were 13.0 and 8.1 min, respectively.
The Influence of the Biocatalyst Type on the ee Value
Wetr ecombinant cells expressing the PFDH or M-StDAPDH gene (30 mg mL À1 )w ere suspended in Na 2 CO 3 -NaHCO 3 (100 mm,p H9.0) and lysed by sonication;t he cell debris was removed by centrifugation at 10 000 g for 2min. The specific activity of the resulting 
Optimization of Tri-enzymatic Reaction System
In 1mLN a 2 CO 3 -NaHCO 3 buffer (100 mm,p H9.0), 0.7 UE cTAL, 1U M-StDAPDH, 2UPFDH, 100 mml -threonine, and 150 mm ammonium formate were added (I), and the reaction was monitored by measuring the yield of d-2-aminobutyric acid at 2, 4, 6, 8, 12, and 24 h. The same procedure was followed for the reactions with different amount of enzymes and substrates, which were as follows. II:2UE cTAL, 1UM-StDAPDH, 2U PFDH, 100 mml -threonine, and 150 mm ammonium formate;I II:2UE cTAL, 2U M-StDAPDH, 4U PFDH, 100 mml -threonine, and 150 mm ammonium formate;I V: 2U EcTAL, 2U M-StDAPDH, 4U PFDH, 200 mml -threonine, and 300 mm ammonium formate;V :2UE cTAL, 2U M-StDAPDH, 4U PFDH, 200 mml -threonine, and 300 mm sodium formate;V I: 2U EcTAL, 2U M-StDAPDH, 4U PFDH, 300 mml -threonine, and 450 mm ammonium formate;V II:2UE cTAL, 2U M-StDAPDH, 4U PFDH, 300 mml -threonine, and 450 mm sodium formate.
Preparation of d-2-Aminobutyric Acid
l-Threonine (200 mm), EcTAL (100 U), PFDH (200 U), M-StDAPDH (100 U), and sodium formate (or ammonium formate, 300 mm) were added into 50 mL Na 2 CO 3 -NaHCO 3 buffer (100 mm,p H9.0); the yield and ee value of d-2-amino butyric acid were detected by HPLC analysis at the time intervals shown in Figure 5 . After 24 h, the pH of the reaction mixture was adjusted to below 2a nd the precipitated enzymes were removed by centrifugation. The product was purified on ac ation-exchange resin column and eluted by 3% NH 3 ·H 2 O. 0.92 g( 99.6 % ee,9 0% yield for the reaction with sodium formate) and 0.95 g( 99.6 % ee,9 2% yield for the reaction with ammonium formate) d-2-amino butyric acid were obtained, respectively. 
